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The low energy magnetic excitation spectrum of the Heisenberg antiferromagnetic S = 1/2 chain
system Sr2CuO3 with Ni- and Ca-impurities is studied by neutron spectroscopy. In all cases, a
defect-induced spectral pseudogap is observed and shown to scale proportionately to the number of
scattering centers in the spin chains.
I. INTRODUCTION
Defects play a special role in one dimension due to
its intrinsic topology.1,2 This is especially pronounced in
quantum magnets where both the ground states and the
excitations are modified upon introduction of imperfec-
tions in magnetic lattices.3–10 Recent experiments have
demonstrated that when impurities are added to proto-
typical Heisenberg Antiferromagnetic (HAF) S = 1/2
chain materials SrCuO2 and Sr2CuO3, their magnetism
is suppressed.11–16 Long range magnetic ordering arising
from residual three-dimensional interactions becomes in-
homogeneous and occurs at lower temperatures.11,16 Ad-
ditionally, the spin-lattice relaxation rate 1/T1 measured
by NMR experiments drops at low temperatures, sug-
gesting a depletion of low energy excitations.12,15,17 De-
fects also affect the heat transport and compromise its
ballistic nature.18,19
The influence of defects on the magnetic excitation
spectrum can be directly probed using neutron scatter-
ing. We have previously employed this method to demon-
strate the opening of a spin pseudogap in the Heisen-
berg spin chain system SrCuO2 with chain-breaking Ni
2+
impurities.13 We proposed a simple chain-fragmentation
model based on previous theoretical work,20 and derived
quantitative predictions for the excitation spectrum in
the presence of defects. This model was able to account
for the data in a wide temperature range, on an absolute
scale and with no adjustable parameters. Nevertheless, a
few questions remained to be answered: i) Does the size
of the pseudogap indeed scale with the impurity concen-
tration as predicted? ii) What is the role of the double-
chain structure of SrCuO2? iii) What effect would other
types of impurities have?
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FIG. 1: Magnetic susceptibility multiplied by temperature
plotted vs. temperature for the studied compounds (sym-
bols). The solid lines are fits as described in the text. The
extracted impurity concentration of Ni-substituted samples is
shown in the inset for fit using all the data (black circles)
and measurements only above 10K (blue squares). The solid
black line corresponds to the number of impurities equal to
the nominal concentration. In the case of Ca substitution,
the magnetic response is much smaller as expected from sub-
stitution outside the chain.
The present paper aims to settle these outstanding
issues. Here we study a related spin chain compound,
namely Sr2CuO3. It has the benefit of having a simpler
single-chain structure, as opposed to the paired chains in
SrCuO2.
21–23 Two different types of impurities are inves-
tigated: S = 1 Ni2+ ions that replace the S = 1/2 Cu2+
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FIG. 2: Dynamical structure factor of the two Ni-substituted
samples as measured by SEQUOIA time-of-flight neutron
spectrometer. The vertical rods at the antiferromagnetic
wavevector are the bottom of the highly dispersive two-spinon
continuum. The suppression of low energy states give rise to
a pseudogap which scales in energy with increasing number
of broken links as described in the text.
ions in the chain,11,16,20 and Ca2+ ions that replace Sr2+
and therefore affect the Cu2+ chains only indirectly.17,19
II. EXPERIMENT
Single crystals of Sr2CuO3 with Ni and Ca impu-
rities were grown using floating zone furnaces as de-
scribed in earlier reports.15,19 They crystalize in an or-
thorhombic Immm space group, with lattice parameters
of a = 3.9089, b = 3.4940 and c = 12.6910 A˚ for the
pure compound.24 The spin chains formed by the Cu2+
ions run along the crystallographic b direction. The ex-
change interaction between the spins has been estimated
at J = 241(11) meV.23 While the chains are very well
isolated, the three-dimensional ordering still takes place
due to residual three-dimensional interactions. In the
pure system the spins order at TN = 5.4 K
22 and the or-
dering temperature is rapidly reduced with the introduc-
tion of impurities.11 All of the measurements presented
here were performed above the three-dimensional order-
ing temperatures. The measurement temperatures were
much smaller than the temperature corresponding to the
intrachain exchange energy.
In order to study the effects of disorder, diligent atten-
tion had to be given to controlling the level of impuri-
ties. In addition to carefully monitoring the ingredients
in the growth procedure and performing energy disper-
sive X-ray analysis measurements, we have also measured
magnetic susceptibility in order to estimate the extent of
chain fragmentation. The small samples used for sus-
ceptibility measurements were cut from the same crys-
tals that were used for neutron spectroscopy. The crys-
tals were aligned with the b crystal axis parallel to the
applied magnetic field. The data were taken with the
vibrating sample magnetometer option of the Quantum
Design PPMS instrument.
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FIG. 3: Constant-energy cuts of the measured dynamical
structure factor in Sr2CuO3 with 1 % Ni impurities. The
data sets are offset by 25 mbarn/meV/sr/f.u. for clarity. The
solid lines are Gaussian fits, as described in the text.
S
(q
,
) 
(m
b
a
rn
/m
e
V
/s
r/
f.
u
.)
+ 2 % NiSr CuO
2 3
T = 6 K
(meV)
[3.5, 5]
[9.5,11]
[5, 6.5]
[8, 9.5]
[6.5, 8]
[2, 3.5]
0.25 0.50 0.75
0
25
50
75
100
125
150
FIG. 4: Constant-energy cuts of the measured dynamical
structure factor in Sr2CuO3 with 2 % Ni impurities (sym-
bols). The data sets are offset by 25 mbarn/meV/sr/f.u. for
clarity. The solid lines are Gaussian fits, as described in the
text.
The samples studied with neutron spectroscopy were
made of a few co-aligned crystals with the crystal a axis
perpendicular to the scattering plane. The sample with 1
% Ni impurities consisted of three co-aligned single crys-
tals with a total mass of 8.6 g and a FWHM mosaic of
0.4◦ as measured at the 020 and 002 peaks. The sample
with 2 % Ni impurities consisted of two single crystals
with a mass of 4.6 g and mosaic of 0.7◦. The sample
with 5 % Ca impurities was made of two crystals with a
total mass of 3.5 g and a mosaic of 0.3◦.
Neutron spectroscopy has been performed at a num-
ber of user facilities. The existence of the spin pseudo-
gap in Ni-substituted samples was established using the
4F2 three-axis spectrometer at LLB, using a combination
of energy and momentum scans with the final neutron
3wavevector fixed at kf =1.55 A˚
−1. Preliminary measure-
ments on the Ca-substituted compound were performed
on the PUMA three-axis spectrometer at FRM-2, using
kf =2.66 A˚
−1. Most of the measurements were then per-
formed at the SEQUOIA25 time-of-flight spectrometer
at ORNL using incident energies of 12, 20 and 50 meV
with the high resolution Fermi chopper frequencies set
to 240, 300 and 420 Hz respectively. The background
was measured by repeating the experiment in the identi-
cal configuration with the sample removed and only the
sample can in the beampath. This background was sub-
tracted from the data before analysis. The data for the
1 % Ni-substituted crystal at various temperatures were
collected using the IN22 3-axis spectrometer (Collabo-
rative Research Group-CEA at the ILL, Grenoble) with
the final neutron wavevector set to kf =2.66 A˚
−1. Addi-
tional data for samples with Ni impurities were collected
using the MERLIN26 spectrometer at ISIS with the high
resolution Fermi chopper with a Gd-slit package rotat-
ing at 250 Hz and repetition rate multiplication allowing
access to incident energies of 10, 20 and 53 meV. In or-
der to achieve quantitative comparison with the theory,
the neutron time-of-flight spectra were normalized using
a standard vanadium sample. The three-axis measure-
ments at 8 K were then compared with the time-of-flight
data at 6 K and a correction factor thus obtained was
used to normalize the three-axis data obtained at other
temperatures. All the data presented here were obtained
at temperature of T = 6 K. The only exception is the
measurement of temperature dependence shown in Fig. 8,
where the temperatures are quoted for each dataset.
III. EXPERIMENTAL RESULTS
A. Low temperature susceptibility
To verify the actual concentration of chain-breaking
defects in our samples, we performed measurements of
their magnetic susceptibility. The results are plotted
versus temperature in Fig. 1. For the Ni2+-substituted
samples, impurities are expected to take the place of
Cu2+ and directly fragment the spin chains. Magnetic
susceptibility curves for this scenario have been derived
theoretically.20,27,28 The most complete description is
given by Sirker et al.28 and allows to quantitatively es-
timate the actual number of chain breaks. As a char-
acterization tool, this approach has been also validated
experimentally.14,16 By using the same fitting equation as
in ref. 16, we get very good fits (solid lines in Fig. 1) to
our experimental data. The deviations seen at very low
temperatures (note the log scale on the abscissa) can be
attributed to weak inter-chain coupling.14,16 The fitted
chain-break concentration is in an excellent match with
the nominal number of impurities, as shown in the inset
of Fig. 1.
In the case of Ca-defects, the Ca2+ ions are expected
to replace Sr2+, and not enter the Cu2+ chains directly.
ħ (meV)
FIG. 5: Symbols: momentum integrated dynamical structure
factor of the 1% (squares) and 2% (circles) Ni-substituted
samples. The dashed line shows the prediction for an intact
chain, whereas the solid lines show the scattering for spin
chains with 1% (black) and 2% (blue) broken links.
The magnetic susceptibility measurements in Fig. 1 are
consistent with that picture. Even though a large amount
of Ca impurities is introduced into the sample, their effect
on the magnetic response is minimal. From the observed
magnitude of the effect in the 5% Ca-substituted sample,
we can with certainty say that the number of broken links
in the Cu-chains is less than 0.6 %.
B. Spin excitations
Time-of-flight neutron spectroscopy allows the mea-
surement of the magnetic dynamic structure factor in
large portions of the energy-momentum space. When
studying one-dimensional systems, the data quality can
be improved by integrating over the directions perpendic-
ular to the relevant dimension. In the case of Sr2CuO3,
the ratio of inter- and intra-chain exchange constants has
been estimated29 to be J ′/J < 10−3 and therefore such
integration can be made use of. A projected slice of such
a data set is shown in Fig. 2 for the Sr2CuO3 with 1 %
and 2 % Ni impurities. The figure displays the dynamic
structure factor as a function of energy transfer ~ω and
momentum transfer parallel to the direction of the spin
chain q‖. The vertical rods of intensity correspond to the
bottom of the two-spinon continuum. Since the exchange
constant in this material is very large, no dispersion can
be observed and the width of the observed scattering is
due to the resolution of the experimental setup. It is im-
mediately visible that in both cases there is a suppression
of low energy states. The scale of this pseudogap is larger
in the compound with more impurities.
In order to quantify this effect, the dynamical struc-
4ture factor was integrated with respect to the momen-
tum transfer along the chain axis. Since the peak width
is given by the resolution of the spectrometer, gaussian
peaks were used to fit the momentum-cuts, as shown for
a selection of cuts in Fig. 3 and Fig. 4 for 1 % and 2 %
Ni impurity levels respectively.
At low energy transfers, the intensity of the peaks is
low and extracting the correct intensity becomes diffi-
cult. Therefore the position and width of the peak were
obtained from higher energy cuts, where intensity is sub-
stantial, and were then held fixed for the low energy cuts.
The thus obtained momentum-integrated (local) dynam-
ical structure factor, corrected for the anisotropic form
factor30 of Cu2+, is shown in Fig. 5. Most of the emphasis
was drawn to the low energy part of the spectrum where
the pseudogap is observed, and measurements with 50
meV incident energy were performed with shorter count-
ing times. This is especially evident for the high-energy
part of the spectrum for 2 % sample where due to the
smaller mass of the sample and shorter counting time
the errorbars are substantially larger. Nevertheless, the
high energy measurements complement the low energy
data set and demonstrate that the dynamical structure
factor stays constant at high energy transfers.
As evidenced from Fig. 5, the system with higher
amount of impurities has a more pronounced suppression
of low energy states. However, the decrease of intensity
is gradual and therefore the extraction of gap size is not
straightforward. A simplest way of assigning the value is
by quoting the energy where the intensity is halved com-
pared to the expected value. Such an estimate would give
values of ≈ 3 meV for 1% Ni impurities and ≈ 6 meV
for 2 % Ni impurities. A much better way is to consider
the whole lineshape by introducing a model based on the
distribution of gap sizes as detailed in the Discussion.
Deviations from the dynamical structure factor of an
intact chain were observed at all temperatures. It is
best visible, however, at low temperatures, where the
momentum-integrated spectrum of an ideal chain is con-
stant in the measured energy range. Therefore most
of the discussion is dedicated to the measurements per-
formed at 6 K, where the observed reduction of low en-
ergy states is directly due to introduction of impurities.
A series of similar measurements were additionally per-
formed at different temperatures. The results are plotted
in Fig. 8a, together with previous results for 1%-Ni sub-
stituted SrCuO2.
13 Here we used scaled coordinates, with
~ω/2kBT on the abscissa. The y-axis is the momentum-
integrated imaginary part of susceptibility multiplied by
the corresponding material’s exchange constant (J = 241
meV23 for Sr2CuO3 and J = 221 meV
30 for SrCuO2), for
a direct comparison.
The same type of measurements were carried out for
the sample with Ca impurities. The data, while of poorer
quality due to a smaller sample, show a clear suppression
of low energy states (Fig. 6). Its value can be estimated
from the momentum-integrated dynamical structure fac-
tor shown in Fig. 7. Somewhat surprisingly, it is similar
in magnitude to the pseudogaps observed in the samples
with 1%- and 2%-Ni impurities.
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FIG. 6: Constant-energy cuts of the dynamical structure
factor in Sr2CuO3 with 5 % Ca impurities for selected en-
ergy transfers (symbols). The data sets are offset by 25
mbarn/meV/sr/f.u. for clarity. The solid lines are Gaussian
fits as described in the text.
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FIG. 7: Measured low energy excitations in the Ca-
substituted Sr2CuO3 in a momentum-integrated form (sym-
bols). The solid line represents a prediction for 2.1 % broken
links.
IV. DISCUSSION
A. Pseudogap and impurity concentration
The data shown in Fig. 2 are a vivid illustration of the
pseudogap dependence on impurity concentration. As ar-
gued earlier,13 the pseudogap arises from a confined mo-
tion of spinons in chain fragments bound by defect sites.
5A finite length L of such fragments ensures a gapping and
overall discretization of the excitation spectrum with the
spacing of ∆ = 3.65× J/L, where J is the intrachain ex-
change constant.20 The observed spectrum is defined by
the statistical length distribution of fragments in which
the quasiparticles are trapped. The resulting dynamic
structure factor can be factored into that of a defect-free
chain and a defect-related envelope function.13 The enve-
lope function depends on the defect concentration x and
can be expressed as:13
F (ω) =
(
∆0 × x
2~ω
)2
sinh−2
(
∆0 × x
2~ω
)
, (1)
where ∆0 = 3.65× J .
The envelope function effectively describes the modifi-
cation of spin chain spectrum in a bulk material due to
randomly distributed impurities. Different distributions
would lead to different shapes of the envelope function.
Since the magnetic dynamical structure factor of a
defect-free chain is known in absolute units, and the enve-
lope function is uniquely expressed through the exchange
constant and the defect concentration, the model has no
adjustable parameters. Nevertheless, as shown in solid
lines in Fig. 5 it provides an excellent description of our
data on the absolute scale. It is worthwhile noting that
there seems to be a deviation of the data points from
the prediction at energy transfers around 10 meV. While
the origin of this deviation is unclear, there are two pos-
sibilities for such behavior. First, it is conceivable that
our assumption of a random distribution of the defects is
too simplistic. A reduced probability of very short chain
segments would lead to the observed spectrum with an
earlier saturation. Second, this deviation could be due to
an additional peak which may warrant further attention
from the theoretical point of view.
As pointed out in Ref. 13, the envelope function is in-
dependent of temperature. For this reason, the model is
expected to work even at elevated temperatures. In par-
ticular, after a normalization by the envelope function,
finite-temperature data are expected to obey the scal-
ing relations for spin correlations in defect free chains.
In the latter, the imaginary part of local susceptibil-
ity χ′′(ω) = S(ω)/[n(ω) + 1], is a universal function
of ω/T .31–33 The scaling function is known,31,32 and is
plotted as a solid line in Fig. 8. The raw data for our
Ni-substituted samples clearly violate scaling. However,
when normalized by the respective envelope function,
they produce a convincing data collapse across all ma-
terials, temperatures and defect concentrations.
Additional confidence in such interpretation of the
pseudogap is provided by the recent NMR experiments
of 1% and 2 % Ni-substituted Sr2CuO3, where the
characteristic temperature of the drop of spin-lattice
relaxation rate was found to scale with the impurity
concentration.15 Since the relaxation mechanism in such
an experiment is due to scattering of thermally excited
spinons, the observation of Ref. 15 also implies scaling of
pseudogap with impurity concentration. We believe that
such scaling of pseudogap with impurity concentration
should persist up to higher concentrations until cluster-
ing of impurities becomes relevant. Experimentally, it
would become more challenging to observe it, since at
higher energies, the phonons start to obscure the neu-
tron scattering spectrum and NMR measurements would
require a high-temperature apparatus.
B. Defects vs. scattering centers
The spectrum measured in the 5% Ca-substituted com-
pound at a first glance seems to be at odds with this pic-
ture. As mentioned above, off-chain Ca2+ defects have
virtually no effect on the magnetic susceptibility. At the
same time, neutron scattering clearly shows a pseudo-
gap (Figs. 6 and Fig. 7). Using the previously proposed
model, and treating the number of chain-breaks as a fit-
ting parameter for the neutron data we deduce as much
as 2.1(3)% chain-defects, well above the < 0.6% suscep-
tibility estimate. This apparent contradiction is resolved
if we recall that contributions to magnetic susceptibil-
ity and the spectral pseudogap are of different origin.
The former is caused by end-chain degrees of freedom
that form in finite-length chain fragments.28 In contrast,
the latter is due to a confined motion of spinons. Any
disturbances that scatter spinons will contribute to the
pseudogap, but only true chain-severing defects will add
to low-temperature susceptibility. In this picture, Ca2+
ions are responsible for locally distorting the crystal lat-
tice, and thereby inducing weak scattering centers in
the chains with no effect on the isothermal magnetic re-
sponse. A similar mechanism may account for the almost
2-fold enhancement of the “effective”defect concentration
observed in Ni-substituted SrCuO2.
13 Due to the double-
chain structure of that compound, each Ni2+ center sev-
ers one spin chain, but additionally induces a scattering
center in the adjacent chain.
V. CONCLUSION
In summary, we have performed inelastic neutron scat-
tering experiments which demonstrate the existence of a
spin pseudogap in Sr2CuO3 with Ni- and Ca-impurities.
The origin of the pseudogap is found to be due to scat-
tering centers induced by the defects with the magnitude
scaling proportionately to the concentration of impuri-
ties. The proposed model explains the measured data in
a broad temperature range.
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